Abstract-We present a fabrication method for silicon nitride solid immersion lenses (SILs) integrated with atomic force microscope (AFM) cantilevers. We demonstrate a scanning optical microscope based on the microfabricated SIL that operates in reflection and transmission modes at a wavelength of = 400 nm. In this microscope, light is focused to a spot in a high refractive index SIL held close to the sample. The minimum spot size of a SILbased microscope, which determines the transverse optical resolution, is
I. INTRODUCTION

D
UE TO diffraction, light cannot be focused to an arbitrarily small spot even by a perfect lens free from aberrations. The full-width at half-maximum (FWHM) spot size, which determines the transverse spatial resolution of an optical system, is given in the paraxial approximation by , where is the wavelength and is the numerical aperture. is equal to , where is the refractive index at the focal point and is the illumination half angle. In a standard optical microscope operating in air, the maximum value of is 1.0 and the minimum spot size is therefore . In solid immersion microscopy [1] , light is focused to a spot in a high-refractive index lens held close to the sample. The maximum value of is increased to , the refractive index of the SIL. Because the minimum spot size is then , the transverse optical resolution is improved by a factor of . This is illustrated in Fig. 1 , which shows a solid immersion microscope based on a micromachined SIL integrated on an atomic force microscope (AFM) cantilever. Light is focused by a lens into the SIL to form a spot at the end of the tip and reflected and transmitted by the sample. The image of the sample is built up by recording the reflection and transmission intensities as the sample is scanned. The SIL has near unity optical throughput, limited only by reflections from its surfaces (which may be reduced by antireflection coatings) and by absorption losses in the SIL (which are small if the SIL material is chosen appropriately). Optical resolution well below the diffraction limit in air is possible with the SIL. For example, a gallium phosphide SIL at a wavelength of nm (where [2] ) has a theoretical spot size of nm. At a wavelength of nm (where [2] ), a silicon dioxide SIL has a theoretical spot size of nm. At these wavelengths, the optical losses through 3.1 m radius SILs of both materials are less than 1% [2] . The SIL has better optical throughput efficiency than the tapered fiber nearfield scanning optical microscope (NSOM) [3] , an alternative approach for improving optical resolution below the diffraction limit in air. The typical light throughput efficiency of a conventional tapered optical fiber is poor, about 10 for a 100 nm diameter aperture at a wavelength of nm [4] , though recent work in double and triple tapered optical fibers has improved this to 4 10 [5] . The micromachined SIL has the further advantage that the SILs may be made in closely spaced arrays, allowing imaging of the sample through multiple SILs simultaneously, leading to an improvement in imaging speed.
Most previous versions of the SIL (e.g., [1] ) were made using conventional lens making techniques and therefore had diameters of 1 mm or greater. With micromachining, it is possible to fabricate a SIL with a diameter of less than 10 m. This allows the SIL to be fabricated onto a thin ( 1 m), compliant cantilever with a high resonant frequency (69 kHz in this work) to enable fast scanning and a low spring constant (to minimize tip-sample forces). We have previously demonstrated infrared applications of silicon SILs made using micromachining [6] . Microscopy at visible wavelengths ( nm) has also been demonstrated using these SILs [7] , although absorption of the light in the silicon led to optical transmission through the SIL being only 3%. In this work, the SIL is fabricated from silicon nitride, allowing for high optical transmission efficiency at the visible and UV wavelengths used in microscopy, data storage and lithography. In this paper we present the theory, fabrication and testing of silicon nitride solid immersion lenses (SILs) integrated with AFM cantilevers. In Section II, the theory of the SIL is reviewed. In Section III, a surface micromachining fabrication method for silicon nitride SILs is described. The edge response of the SIL microscope, the point spread function and images taken with it, demonstrating the improved optical resolution available with the SIL, are presented in Section IV.
II. THEORY
The simplest form of the SIL, known as the hemispherical SIL, is illustrated in Fig. 1 . The curved surface of the SIL is spherical, with the center of curvature located at the focal point of the lens used to focus the light into the SIL. Light rays therefore enter the SIL along radii and converge at its center. In this configuration, the SIL does not focus the incoming light rays. Rather, it provides a high refractive index medium in which the light may be focused to a smaller spot than in air. In this section, the transverse optical resolution of the SIL microscope in transmission and reflection modes is calculated.
A. Transverse Optical Resolution
The transverse spatial resolution of the SIL microscope is determined by its point spread function (PSF). In the paraxial approximation, the amplitude PSF is given by an Airy function [8] ( 1) where is a Bessel function of the first kind, order 1, is the radial position, is the illumination half angle and where is the refractive index of the SIL and the illumination wavelength.
It may be shown [8] that for a confocal microscope with point source illumination and point detection, the intensity signal at the detector is given by (2) where represents convolution and is the sample amplitude response. Therefore, the image obtained by a confocal microscope is the square of the convolution of the intensity PSF ( ) with the amplitude response of the sample . We expect to obtain these imaging characteristics with the SIL microscope operating in reflection mode, since we use a pinhole to obtain point illumination and detection.
It may also be shown [8] that for a microscope with a coherent focused input beam and a large area detector the intensity signal is given by (3) This assumes that the illumination is perfectly coherent, so the electric field amplitudes ( ) add at the detector. For incoherent illumination, the electric field intensities ( ) add at the detector and the detector intensity signal is given by (4) As will be discussed in Section IV, the illumination in the SIL microscope built for this study may be considered incoherent and the transmission mode imaging characteristics are therefore given by (4) .
While the amplitude PSF given by the paraxial approximation is accurate enough for most purposes, the exact form of the PSF may be calculated using vector diffraction theory [9] . Using vector diffraction theory, we calculate the FWHM spot size of the intensity PSF to be 256 nm without the SIL and 130 nm with the SIL. These calculations assume that the illumination is nm, that the numerical aperture of the objective lens is 0.8 and that the SIL has a refractive index 
B. Tolerances in SIL Dimensions
A major advantage of using small micromachined SILs is that, because of their small size, aberration due to errors in the radius or thickness of the lens are very small. Hence tolerances in micromachining the lenses are relatively large.
The allowable tolerance in the thickness of the SIL for a wave aberration , where is the SIL radius, is the refractive index and is the objective lens is [10] (5)
Taking a wave aberration of (which should have a minimal effect on the transverse resolution [10] ) the thickness tolerance is found to be 1.8 m for a SIL of radius m, with nm, and . Clearly, this is a fairly easy tolerance to meet, as it is equivalent to 58% of the SIL radius. By contrast, a 1 mm-radius SIL with the same parameters has m, which is only 3% of the SIL radius. Therefore, as the SIL is made smaller, the relative height tolerance improves.
III. FABRICATION
A scanning electron micrograph (SEM) of a linear array of silicon nitride SILs fabricated on AFM cantilevers with a tip opposite each SIL is shown as Fig. 2(a) . The cantilever is 92 m long and 10 m wide. From Fig. 2(b) , a close-up SEM of the SIL and tip, it may be seen that the cantilever has a thickness of 0.5 m and the tip height is 0.5 m. Unlike a sharp AFM tip, the SIL tip is designed to be fairly blunt so that its half angle (71 ) exceeds or matches the acceptance angle of the focusing lens (53 ). From Fig. 2(b) , the curved surface of the SIL may be fitted to a sphere of radius m, with deviations of the actual SIL surface from this sphere being less than 80 nm. The center of the sphere is 0.8 m above the end of the tip and this may be taken to be the error in the height of the SIL. From this, the expected wave aberration calculated from (5) is , which should have a negligible effect upon the PSF. It is also expected that the deviations of the surface from spherical ( 80 nm) and the surface roughness (RMS nm) will have little effect upon the PSF.
A. Fabrication Process
The fabrication process is shown in Fig. 3 . The fabrication process and preliminary testing results (with an HeNe laser at nm) were previously reported in [11] . Silicon dioxide (SiO , 4.5 m thick) and polysilicon (0.3 m thick) films are deposited on the silicon wafer by low-pressure chemical vapor deposition (LPCVD, step A). Holes (1 m diameter) are then plasma etched (HBr : O ) in the polysilicon. Hemispherical cavities (3-3.5 m radius) are wet etched in the SiO using hydrofluoric acid (6 : 1 buffered oxide etch-BOE) through the holes in the polysilicon (step B). Fig. 4(a) is an SEM of cavities etched into SiO . The hemispherical shape of the cavities is illustrated in the cross-section SEM of Fig. 4(b) . After plasma etching (HBr : O ) the polysilicon to remove it (step C), 6.8 m of silicon nitride (Si N ) is deposited by dual-frequency plasma enhanced chemical vapor deposition (PECVD, step D). Pillars of photoresist ( 1.5 m height) are patterned by lithography and reflowed thermally in a 150 C oven for 16 min (step E). The photoresist height is then measured by AFM and plasma etching (O ) is used to reduce the photoresist height. This height and the relative etch rates of silicon nitride and photoresist in the subsequent etch step determine the final silicon nitride tip height, which should be at the focal point of the SIL. Plasma etching (CHF : O ) is then used to transfer the photoresist shape into the underlying silicon nitride, resulting in a tip opposite the SIL (step F). The CHF and O flow rates are adjusted to give approximately equal etch rates for the silicon nitride and photoresist [12] , enabling the photoresist shape to be transferred to the silicon nitride. Following the plasma etching (CHF : O ) of the cantilevers (step G), the bulk silicon is plasma etched (SF : C F ) from the backside of the wafer (step H). The cantilevers are released by wet etching the SiO (6 : 1 BOE) and removing the frontside protective layer of photoresist (not shown), with the result as illustrated in step I.
In
Step D of Fig. 3 , silicon nitride is deposited onto the silicon dioxide surface. Because of the 3-3.5 m deep hemispherical cavities in the silicon dioxide, the silicon nitride surface after deposition is not flat. Following the deposition of 6.8 m of silicon nitride on a test wafer, depressions up to several micron deep in the silicon nitride surface were measured by AFM. If the silicon nitride surface is not planarized, then these depressions are transferred to the tips in the subsequent tip etching process ( Step F of Fig. 3 ). For this reason, the silicon nitride is deposited in two steps (4.1 m and 2.7 m), with an intermediate planarization step. After the first step, photoresist is spun on to the wafer to planarize the surface, and the wafer is plasma etched (CHF : O ). The flow rates of the constituent gases in this etch step are adjusted to give approximately equal etch rates of the silicon nitride and photoresist. This results in the etch planarizing the silicon nitride surface. While resulting surface is not completely flat (illustrated in Step D of Fig. 3) , the depressions in the silicon nitride are significantly shallower ( 0.35 m) than without this step (up to several micron), and the resulting tips are therefore free from depressions at the tip apex.
B. Increasing Silicon Nitride Optical Transmission at UV Wavelengths
It is found that increasing the NH flow rate relative to the SiH flow rate improves the transparency of the silicon nitride films at ultraviolet (UV) wavelengths, which in turn improves the optical efficiency of the SIL. This is believed to be due to the increased proportion of NH bonds as compared to SiH bonds (which absorb UV) [13] . The refractive index ( ) and absorption ( ) measured by spectroscopic ellipsometry 1 are plotted as Fig. 5(a) and (b) as a function of wavelength for a film deposited with the standard NH flow rate and a film deposited with an increased NH flow rate. It is clear that increasing the NH flow rate both lowers the absorption and refractive index at UV wavelengths. This is further evidenced by Fig. 5(c) , which shows the optical transmission (measured by a spectrophotometer 2 ) through the standard NH flow rate and increased NH flow rate silicon nitride films deposited on quartz substrates. In these measurements, the standard film was 3.5 m thick and the NH rich film was 6 m thick. The measurements are of the total transmission through the silicon nitride and quartz substrate and include the effect of absorption in the silicon nitride as well as reflections from the silicon nitride surface. Note that the oscillations in these curves are due to thin film optical interference effects in the silicon nitride film. Clearly, despite the greater thickness of the NH rich film, its optical transmission at wavelengths shorter than 400 nm is considerably higher (78.1%) than the standard film (30.0%). PECVD allows the composition to be varied while maintaining low stress in the film.
IV. SCANNING OPTICAL MICROSCOPE BASED ON MICROMACHINED SIL
A. Experimental Setup
A scanning optical microscope based on the microfabricated SIL is shown as Fig. 6 . The microscope operates in both transmission and reflection imaging modes. The light source is a 5 mW gallium nitride (GaN) blue laser diode ( nm). 3 The output beam from the laser diode is elliptical, and to make it more circular, the collimation lens is followed by a prism to compress the beam in its larger dimension. The beam is then reflected by a mirror and passes through a half-wave plate, which rotates the polarization of the beam so that it is transmitted through, rather than reflected by, the polarizing beam splitter that follows it. The beam is then focused by a lens through a pinhole (25 m diameter) which spatially filters it. The diverging laser beam then passes through a quarter wave plate to convert the polarization of the beam from linear to circular. Following the quarter-wave plate, a high numerical aperture ( ) microscope lens focuses the laser beam into the SIL to form a spot at the end of the tip. The tip of the SIL is in contact with the sample. Due to the high compliance of the silicon nitride cantilever, the hardness of the sample and the relatively large tip as compared to those used in Atomic Force Microscopy (AFM), closed loop force feedback control is not necessary and tip wear is minimal. Light passing through the SIL and sample is focused by another lens onto a photodetector. Similarly, light reflected from the sample returns through the SIL, through the microscope lens, and passes through the quarter wave plate for a second time, which converts the polarization state from circular back to linear. After passing through the pinhole and lens, the light is reflected by the polarizing beam splitter onto a photomultiplier tube. Because of the quarter-wave plate, the polarization of the light is linear, but 90 degrees to the original state of polarization, so the beam is reflected rather than transmitted by the polarizing beam splitter. The sample is scanned by a piezotube and the image of the sample is produced by recording the signals from the photomultiplier tube and photodetector, which measure the reflection and transmission optical signals, respectively. The beam splitter and CCD camera following the collection lens aid in the alignment and focusing of the laser, SIL, and sample.
B. Optical Resolution
The resolution of the SIL microscope is studied by measuring its edge response. The sample used is a titanium grating on a quartz substrate. Fig. 7(a) shows the transmission signal as the sample scans from the metal line (on the left) to the space (on the right). The SIL improves the 20-80% width from 193 nm (without the SIL) to 101 nm (with the SIL), a factor of 1.91. The theoretical edge response is also shown, calculated from equation (4) of Section II with the PSF found by vector diffraction theory and a step function. For transmission imaging, the theoretical edge response 20-80% width is 180 nm without the SIL and 96 nm with the SIL, a factor of 1.88 improvement. Fig. 7(b) shows the reflection signal as the sample scans from the space (on the left) to the metal line (on the right). The SIL improves the 20-80% width from 185 nm (without the SIL) to 96 nm (with the SIL), a factor of 1.93. The theoretical edge response, also shown, has a 20-80% width of 149 nm without the SIL and 81 nm with the SIL, a factor of 1.84. The theoretical edge response is calculated from equation (2) of Section II.
The theoretical edge response calculated for transmission imaging assumes incoherent illumination. The state of coherence of the laser beam input to the focusing lens is not known exactly, though it may be assumed that it is not perfectly coherent due to the finite coherence length of the laser and the optics used to correct the beam shape. We present the experimental edge response with the theoretical edge response calculated for incoherent illumination because it matches the Fig. 7(a) . The SIL improves the FWHM by a factor of 1.98. (b) Point spread function (PSF) in reflection mode calculated from the edge response of Fig. 7(b) . The SIL improves the FWHM by a factor of 1.77.
experimental data more closely than a coherent calculation. However the experimental edge response displays ringing that is not predicted with incoherent illumination, though it is not as pronounced as would be predicted by a coherent illumination calculation [i.e., Section II, (3)]. Therefore it may be more accurate to consider the illumination as partially coherent.
While the 20-80% edge response widths indicate an improvement in resolution due to the SIL of 1.9 times, they are sensitive to the ringing in the edge response since this determines the peak value of the edge response. Calculation of the PSF of the system, on the other hand, allows the system resolution to be completely specified. To find the PSF for transmission imaging, the imaging signal is assumed to be of the form of equation (4) of Section II, so that the intensity PSF ( ) is found by deconvolution of the sample response (a step function) from the edge response. Fig. 8(a) shows the intensity PSF ( ) for transmission imaging with and without the SIL, together with the theoretical vector diffraction calculation. The full FWHM spot sizes of Gaussian fits to the data are 264 nm (without the SIL) and 133 nm (with the SIL), a factor of 1.98 improvement. These values compare well with the theoretical spot sizes of 256 nm (without the SIL) and 130 nm (with the SIL). For reflection mode, the imaging signal is assumed to be of the form of equation (2) of Section II. Therefore, to find the PSF , the square root of the imaging signal is taken before deconvolution of the sample response (a step function). Fig. 8(b) shows the intensity PSF ( ) for reflection imaging with and without the SIL, together with the theoretical vector diffraction calculation. The FWHM spot sizes of the Gaussian fits are 227 nm (without the SIL) and 128 nm (with the SIL), a factor of 1.77 improvement due to the SIL. These values compare well to the theoretical predictions. That the experimentally measured spot size of 130 nm compares well with theory confirms the prediction of Section II that the required dimensional tolerances of the 3.1 m radius SIL would be met by the micromachining fabrication process.
C. Imaging
To demonstrate the imaging capabilities of the microscope, a titanium grating is imaged. The grating, which was the smallest available to us at the time of the experiment, consists of 0.36 m wide titanium lines with 0.22 m wide spaces between the lines. The titanium is 0.1 m thick and the substrate is quartz. Transmission mode images taken without and with the SIL are shown as Fig. 9 (a) and (b) respectively. The dark areas correspond to the titanium lines and the bright areas correspond to the spaces. Because of the smaller spot size that results with the SIL, more light is transmitted through the spaces so that they appear brighter in the image taken with the SIL. This is seen in Fig. 9(c) , in which linescans (i.e., single lines of data) from the images of Fig. 9 (a) and (b) are shown. The signal measured over the clear area (to the right of the grating) with the SIL is 17% of the signal measured without the SIL, for reasons discussed in the following section. However the transmission modulation ratio is improved with the SIL. This is defined to be the ratio of the signal measured over a space to the signal over the clear area with higher values indicating a smaller spot size. The SIL improves the transmission modulation ratio for this grating from 0.58 (without SIL) to 0.87 (with SIL).
Reflection mode images taken without and with the SIL are shown as Fig. 10(a) and (b) respectively. In this case, the bright areas correspond to the titanium lines and the dark areas correspond to the spaces. Because of the smaller spot size that results with the SIL, more light is transmitted through the spaces. Therefore less light is reflected and these spaces appear darker in the image taken with the SIL. This may also be seen from Fig. 10(c) , in which linescans from the images of Fig. 10(a) and (b) are shown. The reflection modulation depth is improved by the SIL. This is defined as the ratio of the signal measured over a space (with the signal measured over the clear area subtracted) to the signal over the line (with the signal measured over the clear area again subtracted). A lower value for the reflection modulation depth indicates a smaller optical spot size. The signal measured over the clear area is subtracted as this represents a background signal resulting from reflections from the surface of the SIL. The SIL improves the reflection modulation depth from 0.19 (without SIL) to 0.01 (with SIL). The signal modulation amplitude (i.e., signal measured over the line minus the signal measured over the clear area) with the SIL is 58% of the signal modulation measured without the SIL. 
D. Optical Transmission Efficiency of SIL
The optical transmission efficiency of the SIL may be calculated from the transmission imaging results shown in Fig. 9 . In transmission imaging, the signal measured over the clear area with the SIL is 17% of the signal measured without the SIL. This reduction in optical power is due to increased mismatch of the focusing and collection lens numerical apertures, reflections from the SIL and optical losses in the silicon nitride.
The optical transmission without the SIL is found by taking into account the mismatch between focusing ( ) and collection ( ) lens numerical apertures and the reflections from the sample. Each of the two air-glass ( ) interfaces in the sample reflect % of the optical power incident upon them and these reflections may be assumed to add incoherently. Therefore the overall transmission without the SIL is . With the SIL, there are reflections of -% from the air-SIL ( ) interface, -% from the SIL-glass interface and -% from the glass-air interface. The focusing numerical aperture is increased to . The expected optical transmission is thus ---. Therefore the optical transmission measured with the SIL is expected to be 0.055/0.23 24% of the optical transmission without the SIL. The experimental value of 17% allows us to compute the optical throughput efficiency of the SIL to be 17/24 71%. This is the optical throughput of the SIL with losses are due to scattering from the SIL surface roughness and optical absorption in the silicon nitride.
V. SUMMARY
In this paper, a fabrication method for silicon nitride Solid Immersion Lenses and a microscope based on these lenses have been presented. The surface micromachining method for fabricating the solid immersion lenses uses PECVD silicon nitride, optimized for high optical transmission at UV wavelengths. This fabrication method may also be used with other films (rather than silicon nitride), enabling the solid immersion lenses to be made from a variety of materials (e.g., silicon dioxide for deep-UV wavelengths). Experimental results with the Solid Immersion Microscope based on the micromachined SIL demonstrate an edge response in transmission and reflection of 100 nm and a spot size of 130 nm, well below the diffraction limit in air.
